We study the spin-dependent transmission through interfaces between a HgTe/CdTe quantum well (QW) and a metal for both the normal metal and the superconducting cases. Interestingly, we discover a type of spin Hall effect at these interfaces that happens to exist even in the absence of structure and bulk inversion asymmetry within each subsystem (i.e., the QW and the metal). Thus, this is a pure boundary spin Hall effect which can be directly related to the existence of exponentially localized edge states at the interface. We demonstrate how this effect can be measured and functionalized for an all-electric spin injection into normal metal leads.
I. INTRODUCTION
The Spin Hall effect (SHE) is a rich physical phenomenon which, since its prediction [1] , has led to many interesting discoveries in the field of spintronics. Realized in nonmagnetic systems, the SHE allows for an allelectrical manipulation of spin. The underlying interaction of the SHE is spin-orbit coupling with the observable consequence that a transverse spin current is generated if an electrical charge current is driven in the longitudinal direction. Notably, this can happen due to impurity scattering [1, 2] , the extrinsic SHE, or due to band structure effects [3, 4] , the called intrinsic SHE. The latter case is usually directly related to either structure inversion or bulk inversion asymmetry of the underlying nanostructure, resulting in Rashba or Dresselhaus spin-orbit coupling, respectively.
Remarkably, by now, both cases have been experimentally observed: the extrinsic SHE in semiconductor heterostructures by optical [5] and electronic [6] measurement techniques and the intrinsic SHE in twodimensional semiconductors [7] as well as in HgTe/CdTe heterostructures by combining the SHE with the so-called quantum spin Hall effect (QSHE) in a single device [8, 9] . The QSHE is yet another type of spin Hall effect that exists at the boundary of a two-dimensional topological insulator realized in HgTe/CdTe quantum wells (QWs) [10] . It refers to the existence of protected metallic edge states propagating in opposite directions and forming a single set of Kramers partners at each edge [11] [12] [13] . The topological phase transition behind this effect is related to an inversion of bands with opposite parities due to the strong spin-orbit interaction and it is well described by a massive Dirac equation [12] . The critical point is then reached when the mass of the Dirac fermions goes to zero. Directly at that point, the system behaves like a single valley Dirac fermion; this has been experimentally confirmed [14] .
Recently, Yokoyama and co-workers predicted a giant spin rotation at a junction between a normal metal and QSHE system [15] ; this is one of the main motivations of our work. Here, we go substantially beyond this prediction in two different ways. First and most importantly, we discover a different type of interface SHE at junctions between HgTe/CdTe QWs and metals (for both the normal metal and the superconducting cases). Second, we functionalize our findings to propose a device for all-electric spin injection into normal metal leads in the absence of ferromagnetic contacts. All our predictions apply to nanostructures in the ballistic transport regime. We show below that this type of SHE is intimately related to the coexistence of propagating and evanescent modes at the interface between a QSHE system and a metal. Mathematically, this comes from the fact that the underlying low-energy Hamiltonian contains terms that are linear and quadratic in the electron wave vector. Physically, this interplay can happen near a bandinversion crossing that in the case of HgTe/CdTe QWs drives the topological phase transition [12] . Interestingly, this effect exists even in the total absence of structure and bulk inversion asymmetry within each subsystem. To the best of our knowledge, this is the first prediction of a SHE in a composite system that does not break these symmetries in either subsystem.
FIG. 1:
Junction between a HgTe/CdTe QW (light gray) and a metal (dark gray). Due to the applied voltage V , electrons are injected from a contact with an angle of incidence θ with respect to the interface. At the interface they are either reflected or transmitted.
The paper is organized as follows. In Sec. II, we present the model Hamiltonian for a HgTe/CdTe quan-tum well and describe the formalism needed to compute the scattering probabilities of a HgTe QW/metal junction. In Sec. III, we investigate the spin-and angulardependence of transmission as well as the Andreev reflection probabilities and analyze their asymmetric behavior as an interfacial spin Hall effect. We propose to measure this effect and functionalize it by an experimental realization described in Sec. IV. We conclude in Sec. V. Details of calculations are given in the Appendix.
II. MODEL
This section is devoted to the theoretical framework of the junction between a HgTe/CdTe quantum well and a metal. We present the model Hamiltonian for the HgTe/CdTe quantum well and describe the scattering matrix method which allows us to calculate to the scattering probabilities through the interface.
A. Hamiltonian
The band structure of a HgTe/CdTe QW is derived from the eight-band Kane model [16] . Near the topological phase transition, it can be described by an effective four-band Hamiltonian with two subbands commonly called E1 and H1 that have opposite parities. The E1 and the H1 subbands are both doubly degenerate due to time-reversal symmetry (TRS). We refer to these degenerate Kramers partners as spin ↑, ↓. Near the Γ point, the effective Hamiltonian can be written as [12] 
where 2 and ± refers to the conduction (valence) band.
B. Scattering method
We consider a junction between a HgTe/CdTe QW and a normal metal or an s-wave superconductor as depicted in Fig. 1 . The interface is assumed to be perfect and located at x = 0. The model of this junction relies on a step-like variation of the bands, modeled by C = C L for x < 0 and C = C R for x > 0. We make the reasonable assumption to model the normal metal as a highly doped HgTe/CdTe QW (similar to the treatment of the corresponding problem in graphene [17] ) and the proximityinduced superconductivity with a step-like varying pair potential [18] . We assume that the only boundary of the problem is the QW/metal interface. Therefore, we analyze bulk state transport in the remainder of this paper.
The scattering states in the bulk of the HgTe/CdTe QW can be written for each block of the Hamiltonian (1) separately. They are plane wave (two-component) spinor wave functions that depend on all the parameters of the Hamiltonian, in particular on k x and k y . Since we assume translation invariance in the y direction, the transverse wave vector k y is conserved. Due to the block structure of the Hamiltonian, we can analyze the spin-↑ scattering problem separately from the spin-↓ case. In the QW region (x < 0), the spin-up quasiparticles are described by two-components spinors [15, 19, 20] 
where the ± sign labels the conduction (valence) subband. The dispersion relation E(k) yields two possible wave vectors, namely
. We make the further assumptions
, which are motivated by typical parameters for HgTe/CdTe QWs. Under this choice of parameters, we find that k 1 is real and k 2 is imaginary. This results in the coexistence of propagating and evanescent modes on both sides of the boundary, which gives rise to the interface SHE further discussed below. On the left-hand side, propagating electrons have a real wave vector k x = ±k 1 cos θ, where θ is the angle of incidence and ± labels the incident (reflected) mode. Meanwhile, evanescent electrons are described by a complex wave vector
−1/2 . At the metal side of the interface (x > 0), the outgoing scattering states have a similar form as the ones for x < 0 but the definitions of the wave vectors k 1,2 contain the parameter C R instead of C L (see Appendix 1 for more details). To obtain the scattering amplitudes for transmission through the junction, we match the wave functions and their derivatives at x = 0. Once this calculation has been done for the spin-↑ block the corresponding spin-↓ problem follows by TRS.
III. NUMERICAL RESULTS AND DISCUSSION
In this section, we investigate the scattering probabilities, which depend on the mass M and angle of incidence θ. We first focus on the junction between a HgTe QW and a normal metal for two different doping configurations. Afterward, we consider the contact of a HgTe QW and an s-wave superconductor involving Andreev reflection processes. In both cases, the angular asymmetric behavior of the scattering probabilities is connected to the presence of evanescent modes. The coexistence of evanescent and propagating waves is necessary for the appearance of an interfacial spin Hall effect.
A. Normal metal case
We first consider the scattering amplitudes at the Fermi energy E = 0 through a HgTe/CdTe QW-normal metal junction when both subsystems are n-doped. The transmission probability and the amplitude squared of the evanescent mode on the right-hand side of the junction are shown in Fig. 2 as functions of the mass parameter M and the angle of incidence θ. For positive values of the gap M , the transmission probability exhibits a symmetric behavior with respect to θ and has a rather weak amplitude. On the contrary, for a large negative mass M , this amplitude increases and tends to peak at negative θ. Comparing the transmission with the amplitude squared of the evanescent mode (see the right panel of Fig. 2 ), a correlation between the two is visible. Hence, the magnitude of the amplitude of the evanescent mode is connected to the angle and spin dependence of the transmission. (Note that the spin-↓ case just follows from the substitution θ → −θ in the results shown in Fig. 2 . ) This gives rise to a spin current at the interface in the transverse direction [21] . Only the coexistence of propagating and evanescent modes at the interface gives rise to this effect. In the parameter regime where evanescent modes are absent, one can easily show that the transmission of the two spin blocks has to be symmetric with respect to θ. We remark in passing that the p − n ′ case yields similar results to the n − n ′ case discussed here. Interestingly, when the metal side is p-doped (and not n ′ -doped as discussed before in Fig. 2 ), a similar asymmetry in the spin-and angle-dependent transmission holds, but the maximum then appears near the critical point M → 0 (see Fig. 3 ).
B. Superconducting case
We now turn to the analysis of a junction between a HgTe QW and a superconductor (SC). Then, the Hamiltonian of Eq. (1) must be completed by particlehole symmetry and the pairing potential matrix ∆(k). [We assume s-wave singlet pairing; see Eq. (15) in the Appendix.] In our model, the HgTe/CdTe QW on the left-hand side of the interface (x < 0) with a chemical potential C L has no pairing potential, while the Hamiltonian of the SC side (x > 0), which may have a different electronic filling C R , has to be supplemented by a finite (proximity-induced) order parameter ∆(r) = ∆ 0 e iφ , where φ is the superconducting phase. The scattering amplitudes of such an interface can be calculated along the lines of Ref. [22] (details are given in Appendix 2). Here, we restrict ourselves to subgap transport [based on Andreev reflection (AR)] where the quasiparticle excitation energy ǫ is smaller than the superconducting gap ∆ 0 .
In Fig. 4 , we show the behavior of the AR probability and the weight of evanescent modes on the left-hand side for an incident spin-↑ electron as a function of M and the angle of incidence θ at the Fermi energy. Similarly to the n − n ′ junction, (see Fig. 2 ), the AR exhibits an asymmetric behavior with respect to θ, with a maximum for large negative M . Again, an evident correlation between the presence of evanescent modes and the asymmetry is observed; compare the left and the right panels of Fig. 4 with each other. The case of an incident spin-↓ electron just follows by replacing θ → −θ in Fig. 4 .
We remark here that raising the electronic filling of the HgTe/CdTe QW at the left-hand side of the interface alters substantially the asymmetric behavior of the scattering amplitudes in both types of junction (normal metal and SC). As expected from a junction between two metals, asymmetry in such a scattering problem is absent. Strong asymmetry is also absent when the linear terms are dominant, as in graphene [17, 18] or low-doped HgTe/CdTe wells [20] . That is the reason that the effect has been missed before.
Hence, the simultaneous existence of propagating and evanescent modes leads to the appearance of a type of spin Hall effect manifested as a local spin current density flowing along the interface. A similar SHE was recently predicted at potential steps in the Kane-Mele model in graphene [23] and on the surface of a three-dimensional topological insulator [24] .
However, the junctions based on HgTe/CdTe QWs discussed in our work are, to the best of our knowledge, the first composite system where a SHE can be observed in the absence of structure and bulk inversion asymmetry within each subsystem.
IV. EXPERIMENTAL REALIZATION
The observation of such an effect along the interface is complicated although the use of spin-resolved scanning tunneling microscopy techniques or optical methods might work [25] . Here, we propose an alternative way, depicted in Fig. 5 , in order to take advantage of the spin-and angle-dependence of the AR probability. Electrons are injected from an unpolarized normal metal (point-like) reservoir R1 (and similarly for R2) due to a bias voltage V . As discussed before, we can adjust parameters such that electrons with spin-↓ (blue full line) arrive at the junction with an angle of incidence favorable for AR. Hence, they are transmitted as Cooper pairs into the SC. This process produces reflected holes with spin-↓ collected into the first reservoir R1 (blue dashed line). At the same time, this angle of incidence is less favorable for particle-hole conversion of electrons with spin-↑ (red full line). Thus, these electrons are mostly reflected at the interface to a second reservoir (R2), resulting in a spin imbalance between R1 and R2. Hence, there will be a finite charge current jρ from the reservoirs R1 and R2 to the SC and there will be a finite spin current jσ from R1 to R2. This spin current yields a spin accumulation in the two reservoirs in the direction of the bold arrows.
ure. Then, as discussed in detail above, the presence of evanescent modes showing up at the interface acts on the incoming wave as a spin splitter whose efficiency depends on various parameters. A detailed description of the working principle of the envisioned device is given in the caption of Fig. 5 .
To quantify the efficiency of the spin splitter, we calculate the spin conductance, which is a direct measure of the imbalance between spin-↑ and spin-↓ carriers in reservoirs R1 and R2, induced by the voltage V . It can be written as
where |r ee,σ | 2 is the probability for an electron with spin σ and injected from R1 at an angle θ = arctan(W/2L) to be reflected at the interface. W and L are respectively the width of the system and the distance between the reservoirs and the interface. The factor 2 accounts for the two reflection processes, from R1 to R2 and vice versa.
We mention here that the contribution to Eq. (4) from topologically protected edge states (if the QW has a finite width W ) is negligible. Hence, our result also applies to finite but wide systems where the overlap between edge states at opposite edges is weak. In Fig. 6 , we additionally analyze the energy and band gap dependence of the performance of the AR spin splitter. It is clearly visible that the device works best at small bias voltages and that the ideal value of the band gap M changes slightly to more negative values as the bias is increased. The size of the system is taken as W = 500 nm and L = 500 nm. It is clearly visible that the spin splitter works best at a small bias voltage.
V. CONCLUSION
To summarize, we have predicted spin-dependent transport properties at interfaces between HgTe/CdTe QWs and normal metals as well as superconductors, resulting in an interface spin Hall effect. It has been identified that this effect is clearly connected to the coexistence of propagating and evanescent modes at the junction. We have proposed a setup to functionalize it as an Andreev reflection spin splitter.
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APPENDIX
In this Appendix, we write explicitly the wave functions involved in a junction between a HgTe/CdTe QW and a normal metal or an s-wave superconductor. Then, we define the scattering probabilities plotted in Figs. 2-4 .
We solve the scattering problem for an incoming spinup electron in the conduction band. All the states are plane waves and are written as Ψ(x)e iky y , where Ψ(x) is a two-component spinor wave function.
HgTe/CdTe QW/metal interface
We first consider the interface between a HgTe/CdTe QW and a metal modeled as a highly doped HgTe/CdTe QW.
On the left-hand side of the interface, under the choice of parameters M <
2 , the wave function is a sum of incoming and reflected contributions,
where r (r) refers to the reflection amplitude of a propagating (evanescent) wave.
In the (|E1 ↑ , |H1 ↑ ) basis and at given energy E and transverse wave vector k y , the two-component spinors can be written as
Ψr
where k = (k x , k y ), k x = k 2 1 − k 2 y , and κ x = k 2 y + κ 2 with κ x > 0. In this Appendix, we use the definition
The momenta k 1,2 are defined in Eq. (2). The wave function at the metal side reads
with t (t), the transmission amplitude of propagating (evanescent) modes and both transmitted wave functions are given by
The momenta k x and κ x follow from Eq. (2) after the substitution C L → C R . The spin down states are obtained from the previous ones Eqs. (2)- (4) and Eqs. (6) and (7) by substituting k x → −k x . The scattering amplitudes are obtained using scattering matrix theory by matching the left and right wave functions and their derivatives at the interface:
In Sec. III. A, we investigate the behavior of the transmission probability and the amplitude squared of the evanescent modes for n-n' and n-p junctions.
The current conservation imposes the normalization of the transmission probability |t| 2 by the ratio of incoming and transmitted particle current,
where
The transmitted average current has the same form but depends on C R instead of C L . It is possible to solve the matching conditions and to find analytical expressions for all scattering amplitudes. However, the expressions are still too long to be written down here. 
HgTe/CdTe QW/superconductor interface
We consider now the interface between a HgTe/CdTe QW and an s-wave superconductor. We assume the superconductivity is induced on the right-hand side of the interface by the proximity effect. Thus the effective Hamiltonian, Eq. (1), is expanded by particle-hole symmetry and contains the pairing potential ∆(x, y) = ∆ 0 e iφ (φ is the superconducting phase) as off-diagonal matrix elements, namely,
with r = (x, y). The wave function on the left-hand side of the interface is the superposition of electron-like and hole-like quasiparticles, Ψ(x) = Ψ i (x) + r ee Ψ ree (x) +r ee Ψr ee (x) + r he Ψ r he (x) +r he Ψr he (x),
where r ee represents the amplitude of electrons to be reflected as electron-like quasiparticles at the interface while r he refers to the amplitude of an electron-hole conversion, namely an Andreev reflection process. The scattering amplitudesr ee andr he correspond to the reflection as electron-or hole-like evanescent modes.
By solving the Bogoliubov-de Gennes equation H BdG Ψ = EΨ, we obtain the expressions for the fourcomponent vectors
The momenta k x = k 2 1 − k 2 y and κ x = κ 2 + k 2 y follow from Eq. (2). The propagating and evanescent holelike wave functions follow from Eqs. (17) and (19) by the substitution E → −E. Note that the electron-like excitations exist on the upper two components of the wave function and the hole-like excitations on the lower two components.
We focus on transport only below the superconducting gap (E < ∆ 0 ). Then the eigenfunctions on the superconducting side contain only evanescent waves 
where the spinors read 
The momenta squared k 2 S1 and κ 2 S = −k 2 S2 are defined by Eq. (2) after replacing C L by C R and setting E to 0.
The scattering amplitudes follow from the matching conditions of wave functions and their derivatives at the interface as written in Eq. (12) . Their analytical expressions are long and therefore not presented here.
Also, due to current conservation, the Andreev reflection probability is normalized by the particle current of incoming electrons and reflected holes, namely, Due to particle-hole symmetry, the average current carried by the reflected hole is defined as j hr x = j x (−E). Figure 4 shows the asymmetric behavior of the Andreev reflection probability R A (θ, M ) = |r he (θ, M )|
as a function of the angle of incidence and the mass term and its correlation with the non-zero amplitude squared of hole-like evanescent modes |r he (θ, M )|.
